Background. Contrast-induced nephropathy (CIN) is a common cause of hospital-acquired acute kidney injury (AKI). Neutrophil gelatinase-associated lipocalin (NGAL) represents a promising biomarker for AKI. Its role in the early diagnosis of CIN has already been examined in adults and children undergoing coronary angiography. This study was designed to prospectively evaluate plasma NGAL compared with serum creatinine (SCr) for early CIN detection among hospitalized patients undergoing contrast-enhanced computed tomography (CT). Methods. We prospectively enrolled consecutive hospitalized patients undergoing elective CT with intravenous (IV), low-osmolar contrast administration. Patients with pre-procedure SCr >150 μmol/L (1.7 mg/dL), congestive heart failure, haemodynamic instability, sepsis, or urinary tract infection were excluded. Plasma NGAL was measured using the standardized Triage ® NGAL test (Biosite Incorporated, San Diego, CA, USA) at baseline and 6 h post-procedure. SCr, blood urea nitrogen (BUN), albumin and sodium (Na) were measured and eGFR MDRD 4 was calculated at the same intervals, as well as at 24 and 48 h post-procedure. CIN was defined as an increase in SCr of >25% or >44 μmol/L (0.5 mg/dL) from baseline within 48 h post-procedure, in the absence of other obvious causes. Results. Forty-seven patients, male/female 27/20, median age 68 (31-88) years, 16/47 diabetics, with baseline SCr 91.94 ± 20.33 μmol/L (1.04 ± 0.23 mg/dL) and eGFR MDRD 4 68.40 ± 18.22 mL/min/ 1.73 m 2 were enrolled. A contrast volume of 120 mL (range 100-150 mL) was administered. CIN was found in four subjects (8.51%), but detection by SCr was only possible 24 h in 1 and 48 h postprocedure in three. In contrast, significant elevation of plasma NGAL was found at 6 h post-procedure in those with versus those without CIN (779.25 ± 361.49 versus 82.30 ± 40.64 ng/mL, P < 0.001). Using a cutoff value of 200 ng/mL, sensitivity, specificity and area under the receiver-operating characteristic (ROC) curve of 6-h plasma NGAL for CIN prediction were excellent (100, 100 and 1.00%, respectively). Subjects with CIN did not differ in baseline demographics, renal function and diabetes status compared with those without CIN. No differences in any variable were noted between diabetics and non-diabetics. Plasma NGAL at 6 h (R 2 = 0.24, P < 0.001) was found to be an independent predictor of CIN.
Introduction
Contrast-induced nephropathy (CIN) is a common cause of hospital-acquired acute kidney injury (AKI), accounting for up to 12% of cases, and is associated with an average in-hospital mortality of 6% [1] . Studies of large cohorts have revealed that more than half of these cases are in subjects undergoing cardiac catheterization and intraarterial coronary angiography, and nearly a third follow computed tomography (CT) scans [2] . Technological advances in diagnostic and interventional imaging techniques have contributed to a continuously increasing number of individuals being exposed to iodinated contrast media [3] . Serum creatinine (SCr) is undoubtedly a delayed and unreliable indicator of AKI [4] . Therefore, the pursuit of biomarkers with improved performance in the early and accurate diagnosis of AKI is an area of intense contemporary research with the ultimate goal to implement currently available therapeutic interventions in a timely manner and reduce the unacceptably high morbidity and mortality rates associated with AKI [5] .
Neutrophil gelatinase-associated lipocalin (NGAL) was originally identified as a 25-kDa protein covalently bound to gelatinase from neutrophils. The major ligands for NGAL are siderophores, small iron-binding molecules. Siderophores are synthesized by bacteria, and NGAL exerts a bacteriostatic effect by depleting siderophores. On the other hand, siderophores produced by eukaryotes participate in NGAL-mediated iron shuttling that is critical to various cellular responses, such as proliferation and differentiation [4] [5] [6] . Although NGAL is expressed only at very low levels in several human tissues, it is markedly induced in injured epithelial cells, including the kidney. This is likely mediated via NF-kB, which is known to be rapidly activated in kidney tubule cells after acute injuries, and plays a central role in controlling cell survival and proliferation [4] [5] [6] . NGAL, both in plasma and urine, represents a promising, non-invasive, troponin-like biomarker for the early prediction of AKI in various clinical settings [5, 6] . Several investigators have examined the role of plasma and urine NGAL as a predictive biomarker of CIN in adults and children undergoing coronary angiography with intra-arterial contrast administration and revealed good diagnostic and prognostic performance [7] [8] [9] [10] [11] . Much of these data have been arbitrarily extrapolated to patients receiving intravenous (IV) contrast for CT scans despite major differences in patient populations, contrast volume administered and intra-procedural complications between the two settings [12] . In addition, 90% of contrast media are used for CT imaging [13, 14] . Furthermore, although the number of coronary and conventional angiograms has been relatively stable, the number of contrast-enhanced CT scans has been increasing by ∼2 million per year in the USA over the last decade [13] . Therefore, the widespread use of contrast-enhanced CT necessitates studies focusing on NGAL performance in this setting [14] .
The present study was designed to prospectively evaluate plasma NGAL measured by using a standardized, point-of-care Triage ® NGAL device [15] compared with SCr for early CIN detection among hospitalized patients undergoing elective contrast-enhanced CT.
Subjects and methods
Consecutive hospitalized patients undergoing elective CT with IV contrast administration at our institution between December 2010 and December 2011 were prospectively enrolled. The study was performed in accordance with the Declaration of Helsinki and with the approval of the local ethics committee. All of the patients gave informed written consent before enrollment. Patients with pre-procedure SCr >150 μmol/L (1.7 mg/dL), overt congestive heart failure (stages III-IV according to New York Heart Association-NYHA functional classification system), haemodynamic instability of any cause, sepsis or systemic infectious disease were excluded. All of the subjects were maintained in an euvolaemic state prior to the procedure. Non-ionic, low-osmolar iopromide injection (Ultravist ® 370) was used by all study participants. According to the Radiology Department protocol, a contrast volume of not >100 mL was administered in subjects with eGFR MDRD 4 <60 mL/min/1.73 m 2 . Plasma NGAL was measured by using the standardized Triage ® NGAL test (Biosite Incorporated, San Diego, CA, USA) at baseline (within 1 h prior to contrast administration) and 6 h after contrast administration. The Triage ® NGAL test is a point-of-care, fluorescence-based immunoassay used in conjunction with the Triage Meter, a portable fluorescence spectrometer, for the rapid quantitative determination of NGAL concentration (measurable range 60-1300 ng/mL) in EDTA-anticoagulated whole blood or plasma specimens [15] . The whole procedure was performed according to the instructions provided by the manufacturer (Biosite Incorporated, San Diego, CA, USA).
SCr, BUN, serum albumin (SAlb) and sodium (Na) were measured, and estimated GFR (eGFR) MDRD 4 [16] was calculated at the same intervals, as well as at 24 and 48 h post-procedure. SCr levels were determined using an isotope dilution mass spectrometry-traceable kinetic Jaffe method (Thermo Scientific Konelab Prime 60i Clinical Chemistry Analyser) and all other biochemistry measurements were performed using standard laboratory methods.
CIN development was the primary outcome, defined by an increase in SCr of >25% or >44 μmol/L (0.5 mg/dL) from baseline within 48 h after contrast exposure, in the absence of other obvious causes [17] .
Values are presented as means ± standard deviation. The paired two-sample t test or Mann-Whitney rank-sum test was used to compare continuous variables, whereas the Chi-square test or Fisher's exact test was used for categorical variables. Univariate and multivariate stepwise multiple logistic regression analysis was undertaken to assess predictors of CIN. To calculate the sensitivity and specificity for plasma NGAL measurements for the prediction of CIN at varying cut-off values, a receiver operating characteristic (ROC) curve was generated and the area under the curve (AUC) was calculated to quantify the accuracy of plasma NGAL as a biomarker (Medcalc, version 12.2.1). An AUC of 0.5 is no better than expected by chance, whereas a value of 1.0 signifies a perfect biomarker. P ≤ 0.05 was considered statistically significant.
Results
Forty-seven patients, male/female 27/20, median age 68 (31-88) years, 16/47 (34%) diabetics, with baseline SCr 91.94 ± 20.33 μmol/L (1.04 ± 0.23 mg/dL) and eGFR MDRD 4 68.40 ± 18.22 mL/min/1.73 m 2 were enrolled in the study. Thirty-five out of 47 subjects (74.47%) had a baseline eGFR MDRD 4 of ≥60 mL/min/1.73 m 2 , whereas no participant had baseline eGFR MDRD 4 <30 mL/min/1.73 m 2 .
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Contrast volume of 120 mL (range 100-150 mL) was administered. CIN was found in four subjects (8.51%), but detection by SCr was only possible at 24 h in 1 and 48 h post-procedure in three.
Based on the primary outcome, subjects were classified into those with and without CIN ( Table 1) . No significant differences were noted between CIN and non-CIN groups in baseline patient demographics, renal function, SAlb and diabetes status (Table 1) . Furthermore, no differences in any variable were found between diabetics and non-diabetics. SCr did not significantly change at any time point in the non-CIN group, whereas subjects in the CIN group showed a statistically significant increase in SCr from baseline at 48 h post-procedure: 132.6 ± 22.1 μmol/L (1.50 ± 0.25 mg/dL) versus 97.24 ± 15.91 μmol/L (1.10 ± 0.18 mg/dL), P = 0.002. Between the two groups, a statistically significant difference in SCr was noted only at 48 h post-procedure (Table 1 and Figure 1 ). No significant differences were observed in SAlb and serum Na at any time point both within and between the two groups (data not shown).
Baseline plasma NGAL levels were consistently low and similar in both groups. Subjects in the CIN group displayed a substantial increase by nearly 10-fold in plasma NGAL at 6 h after contrast administration, whereas in the non-CIN group no significant change was found in plasma NGAL levels (Table 1 and Figure 2) Plasma NGAL biomarker characteristics for CIN prediction at various cut-off values are shown in Table 2 . For plasma NGAL at 6 h after contrast administration, sensitivity and specificity were optimal at the cut-off value of 200 ng/mL, with an area under the ROC curve of 1.00 (95% CI: 0.92-1.00) for CIN prediction (Figure 3 ), whereas for SCr at 6 h the area under the ROC curve was 0.59 (95% CI: 0.45-0.74), P = 0.002 for pairwise comparison between NGAL 6 h and SCr 6 h ROC curves. By multiple regression analysis, plasma NGAL at 6 h (R 2 = 0.24, P < 0.001) was found to be an independent predictor of CIN.
Discussion
This prospective study in hospitalized patients undergoing elective conventional contrast-enhanced CT demonstrated that plasma NGAL 6 h after contrast administration measured by the rapid, point-of-care Triage ® NGAL test appeared to be a clinically useful biomarker in the early prediction of CIN, defined as an increase in SCr by > 25% or 44 μmol/L (0.5 mg/dL) from baseline within 48 h post-procedure. Therefore, plasma NGAL appears to be a powerful early biomarker of CIN that precedes the increase in SCr by several hours. Furthermore, the relatively high CIN incidence detected in this well-controlled population underlines the importance of early diagnosis by an adequate and simple procedure such as the 6-h plasma Triage ® NGAL test that was evaluated in our study. CIN, contrast-induced nephropathy; SCr, serum creatinine; Na, sodium; SAlb, serum albumin. Despite the widespread use of newer, less nephrotoxic contrast agents and the implementation of preventive strategies over the last decades, the risk of CIN continues to be considerable, especially in the inpatient setting. Affected patients experience a significant increase in shortand long-term morbidity and mortality [18] . A major limitation of the current literature is that most studies on CIN have been conducted in the setting of intra-arterial contrast administration, particularly coronary angiography and percutaneous coronary interventions [14] . It is currently unclear how far the conclusions of such studies can be extrapolated to patients receiving IV contrast for CT scans [13] . To the best of our knowledge, this is the first study that evaluates plasma NGAL performance for early CIN detection specifically after IV contrast administration.
A limited number of studies have evaluated the performance of plasma and urine NGAL as a predictive biomarker of CIN among children and adults with normal renal function undergoing coronary angiography [7] [8] [9] [10] [11] . In a prospective study of children undergoing elective cardiac catheterization and angiography with contrast administration, both urine and plasma NGAL measured by using a research-based assay at 2 h post-procedure predicted CIN, defined as a 50% increase in SCr from baseline, with an AUC-ROC of 0.91-0.92 [10] . Subjects in the CIN group of the above-mentioned study displayed a 5-fold increase in plasma NGAL at the 6-h time point, whereas a 10-fold increase was observed in our study, possibly reflecting differences in patient populations or in the assays used for plasma NGAL measurement. Furthermore, pilot studies in adults with normal SCr receiving contrast for coronary angiography and intervention detected a significant rise in both urine and plasma NGAL 2-4 h postprocedure, whereas plasma cystatin C levels increased significantly only 24 h after contrast exposure [7, 8] . However, none of these subjects developed CIN, as SCr remained unchanged 48 h post-procedure. Not surprisingly, the maximal plasma NGAL increase from baseline was only 31% at the 4-h time point, in marked contrast to our findings. A study from China detected CIN in 8.7% of adults with normal renal function undergoing coronary angiography and found that urinary NGAL measured by a research-based assay at 24 h post-procedure increased significantly in the CIN group, but not in the non-CIN group [9] . Finally, a meta-analysis revealed an overall AUC-ROC of 0.894 for CIN prediction, when NGAL was measured within 6 h after contrast administration for coronary procedures and CIN was defined as an increase in SCr of over 25% [11] . In agreement with these findings, our study demonstrated excellent performance of plasma NGAL, measured at 6 h post-procedure, as an early biomarker of CIN in the special and understudied population of subjects receiving IV contrast for elective CT scans.
The predictive performance of NGAL depends on the specific characteristics of the population studied. In particular, it varies with baseline renal function, with optimal discriminatory performance in subjects with normal pre-procedure renal function [19] . Our study population consisted of subjects at low-to-medium risk of CIN. No participant had a baseline SCr >150 μmol/L (1.7 mg/dL), whereas SCr did not exceed 115 μmol/L (1.3 mg/dL) in the subgroup of diabetics. This relatively homogenous cohort of subjects with well-preserved renal function is a noteworthy strength of our study. In addition, subjects with major confounding variables such as haemodynamic instability of any cause were excluded. Furthermore, all subjects received iopromide, a non-ionic, low-osmolar contrast agent, thereby eliminating any variability due to type of agent used. The contrast volume administered was kept at low levels, especially in participants with renal impairment. Furthermore, our study involved only elective CT scans, excluding emergent ones that are usually performed in subjects with major comorbidities and potentially at high risk of CIN [20, 21] .
An additional strength of our study is that all subjects started with low levels of plasma NGAL. Furthermore, there was no significant difference in the baseline SCr between the two groups (CIN/non-CIN). The study design allowed a direct comparison of altered NGAL concentration with changes in SCr, the current reference standard Fig. 2 . Plasma NGAL (means ± SD) in CIN and non-CIN groups at baseline and at 6 h after contrast administration. * P < 0.001 when the two groups were compared at 6 h. NGAL, neutrophil gelatinase-associated lipocalin, CIN, contrast-induced nephropathy, SD, standard deviation. Fig. 3 . ROC curve analysis of 6 h plasma NGAL at the cut-off value of 200 ng/mL. The AUC was 1.00 (95% CI: 0.92-1.00). ROC, receiver operating characteristic, AUC, area under the curve, CI, confidence intervals. test for the definition of CIN. The magnitude of rise by nearly 10-fold from baseline found in our study supports previous literature data that NGAL is a highly discriminatory biomarker with a wide dynamic range and cut-off values that allow for risk assessment and stratification [6, 11] . The reported incidence of CIN varies widely depending on the presence or absence of risk factors, in particular pre-existing chronic kidney disease (CKD), the amount and type of agent administered and the exact radiological procedure [20] . Current data coming mainly from patients undergoing coronary angiography with intra-arterial contrast administration indicated that CIN occurs in 4-20% of cases [20, 21] . In contrast to that associated with angiography, the risk of CIN associated with contrast-enhanced CT scans is quite low, even among patients with CKD [14, 22] . Therefore, in a study of in-and outpatients with eGFR <60 mL/min/1.73 m 2 undergoing elective contrastenhanced CT, only 3.5% had an increase in SCr of >0.5 mg/dL (44 μmol/L) within 48-96 h post-procedure [22] . In addition, three recent prospective trials involving contrastenhanced CT in patients with eGFR<60 mL/min/1.73 m 2 found an overall incidence of CIN, defined as a ≥25% increase in SCr, of ∼5% [23] [24] [25] . In view of these data, a CIN incidence of 8.5% as reported in our study appears to be relatively high. However, differences in study populations ( participants' renal function and diabetes status, in-or outpatients, elective or non-elective CT) should be taken into account in the interpretation of the results.
Previous studies on NGAL performance as a predictive biomarker of CIN used mainly research-based enzymelinked immunosorbent assay for plasma NGAL measurement [7] [8] [9] [10] [11] . Our study determined plasma NGAL by using the standardized, point-of-care Triage ® NGAL test. This assay is simple and easy to perform, with quantitative results available within 15 min, requires only microlitre quantities of whole blood or plasma. A potential limitation is the suboptimal assay performance in the lower-range values. However, a meta-analysis on the accuracy of NGAL in the diagnosis of AKI revealed better performance of standardized assays compared with individually developed research-based ones [11] . However, the Triage ® NGAL device, although validated in several clinical settings with favourable results [15] , has not been evaluated in subjects undergoing contrast-enhanced CT scans. Thus, our study is the first example of how a standardized, point-of-care platform using plasma samples may be useful for predicting CIN.
Plasma NGAL was measured in our study, although the majority of biomarkers for AKI described to date have been determined in the urine [5, 6] . Urinary diagnostics do have several advantages, including the non-invasive nature of sample collection, the reduced number of interfering proteins, and the potential for the development of self-testing kits. However, several limitations also exist, including the lack of samples from patients with oligoanuria and potential changes in urinary biomarker concentration induced by hydration status and diuretic therapy or by coexisting urinary tract infection. Plasma-based diagnostics have revolutionized many aspects of clinical medicine, as exemplified by the use of troponins for the early diagnosis of acute myocardial infarction and the value of B-type natriuretic peptide for prognostication in acute coronary syndromes [5, 6, 15, 26] .
Our study has a few limitations. An important limitation is the small sample size and the very small number of CIN events (n = 4). This is reflected by the wide confidence intervals in sensitivity and specificity (Table 2) . Therefore, our results will certainly need to be validated in a larger population, including subjects at high risk of CIN such as those with advanced CKD, volume depletion and hemodynamic instability. Furthermore, it is a single-centre uncontrolled study of adult hospitalized patients undergoing elective CT scan. Finally, despite strict exclusion criteria, some confounding variables such as diabetes and preexisting, mainly mild, renal insufficiency are present in our study population. However, their influence in study results is unlikely to be clinically significant. Interestingly, no difference in any variable was found between participants with and without diabetes. In any case, our study population is largely representative of hospitalized patients undergoing elective contrast-enhanced CT.
In conclusion, our study results showed that plasma NGAL measured by rapid, standardized assay appears to be a powerful early predictive biomarker for CIN among hospitalized patients undergoing elective contrastenhanced CT. Although a growing body of evidence suggests that the incidence of CIN may be less with IV contrast administration than that reported in coronary procedures, the widespread use of contrast-enhanced CT examinations still leaves a sizeable population vulnerable to this event [3, 14] . A considerable incidence of CIN was confirmed in the well-controlled population of our study making early diagnosis even more desirable. Indeed, an increase in plasma NGAL would potentially trigger clinicians to monitor patients more closely, avoid additional nephrotoxins and optimize hydration and renal perfusion to prevent further injury. In any case, prevention would be the cornerstone of management for all patients at risk. However, our ability to prevent CIN is limited by the lack of an early, appropriately sensitive and specific marker of kidney injury [3, 4] . Therefore, timely detection of imminent CIN by an accurate and easy-to-perform procedure as the 6-h plasma Triage ® NGAL test we evaluated might enable early initiation of interventions or, at least, promote increased scientific vigilance to improve the long-term adverse outcomes associated with this rather common clinical complication.
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